ABSTRACT This paper proposes a novel dynamic analysis and a switching converter control strategy for primary-side voltage controlled wireless power transfer (WPT) system. First, the modeling of the high-order double-sided LCC resonant converter is carried out. By dividing the resonant circuit into three equivalent parts and analyzing their transfer functions, respectively, the approximated boundary of the startup transient time of the WPT stage is solved analytically. Furthermore, in order to ensure the swiftness of the transient response of the WPT system, a novel control strategy combining one cycle control and proportional differential control (OCC-PD) is proposed. By using switching flow-graph technique, the transfer functions of the buck converter applying the OCC, proportional integral differential, and OCC-PD control are obtained. The superiorities of the OCC-PD are proved through the analytic expressions of dynamic characteristic parameters. The input impedance of the WPT stage cascaded to the buck converter is also derived to evaluate the performance of the whole WPT system. Finally, simulations and experiments are carried out through a 6.6-kW two-stage primary-controlled WPT prototype. The results are in accordance with the theoretical analysis and validate the superiorities of the proposed OCC-PD strategy in the aspects of the transient response and the robustness.
I. INTRODUCTION
The wireless power transfer (WPT) technique, which enables the electric power transferring from the transmitter to the receiver over a large air gap, has attracted extensive attention of research and development [1] - [3] . Thanks to the WPT mechanism, the power transfer coupler can be sealed thoroughly since no direct conductor connection is needed, which provides good tolerance to dust, water, snow and chemicals and makes it attractive for power supply applications in the harsh environment [4] - [8] . With a tradeoff between power transfer distance and efficiency, WPT is potentially popularized in low-power devices like an electric toothbrush, smartphone, and transplanted heart pacemaker and highpower equipment ranging from material handling systems, automatic guided vehicle (AGV) and battery charging for electric vehicles [9] , [10] .
In general, the WPT system is sensitive to coupling coefficient, air gap, and resonant frequency, which makes it hard for robust control, and most scholars focus on the steady state of the WPT systems [11] - [13] . However, transient response performances like overshoot and settling time are important for applications like online electric vehicle where rapid startup or regulation is required. Therefore, a dynamic model is essential for controller design of this kind of system. Besides, it can also help to evaluate the maximum stresses during startup and shutdown processes, which may be several times higher than the steady state stress. Although WPT technology has now established itself as a technique for contactless power transfer, both the design and analysis are still being carried out only through relatively simple steady state models and ac impedance method mainly because of the complex nature of the WPT system [14] - [16] . Steady state models are incapable of providing an accurate insight into the transient behaviors of the system and, as such, cannot be regarded as a tool that facilitates both proper controller synthesis and physical design, without which the system cannot be optimized [17] . At present, therefore, there is a need for dynamic analysis, which can be used as a valuable tool during the design process of WPT system.
Coupled Mode Theory (CMT) [18] is firstly brought into modeling of WPT in [19] , and then many literatures [11] , [20] - [23] apply CMT for efficiency optimization of WPT using SS topology. In [24] , it combines coupled mode theory (CMT) and state space averaging mode together to obtain a lower order model from the energy point of view. A comparison between the solutions based on CMT and reflected impedance theory in a compensated WPT system is presented in [23] . But those models are no exceptional within SS and SP compensation due to the limitation of CMT. Laplace Phasor Transformation (LPT), first published in [25] , is another effective method to describe fast varying sinusoidal variables with their relatively slowly varying phase and magnitude in a resonant circuit [26] - [28] . In [28] , the LPT-based model provides good insights on the envelope of pick up current and output voltage of a WPT system for Online Electric Vehicles (OLEV), but it is hard to be applied directly to high-order compensated WPT system. The statespace models of two resonant tanks are developed in [17] where an 8 order State-Space is presented for a doublesided LCL compensated WPT system, and it gives numerical analysis on the transient response based on the specific parameters. Li et al. [29] also give an 8 order state-space metric about double-sided LCC resonant tank in terms of the circuit state which is complex in battery charge because of the nonlinear parts--inverter and rectifier [30] . Although the models based on differential equations cannot provide expressions simple enough to get physical insights of a highorder resonant system, it still seems to be an effective tool to evaluate the transient response if the WPT system can be linearized and approximated by low-order equations with a good compromise between accuracy and simplicity.
Meanwhile, the high-order compensation topologies such as LCC and LCL have become more and more popular due to the better comprehensive performance. The fixed frequency control is usually adopted for the inverter in these topologies. Consequently, an auxiliary switching power converter is required to control the output power. If the converter is configured on the secondary side, the high intermedia DC voltage regulated by the front-end power factor correction (PFC) stage is applied to the inverter directly. In this case, the circulating current injected to the resonant tank is maintained at a high level once the system starts, which makes the efficiency deteriorate under the light load condition. To improve the light load efficiency, the DC/DC converter is deployed on the primary side. Consequently, the control performance of primary side voltage-regulated WPT system depends on the adopted control strategy of the auxiliary power converter. PI control, and sliding mode control [31] , [32] are commonly used. PI control is the most widely implemented in the industrial applications due to its simplicity. The sliding mode control, known as a robust algorithm, could meet the different dynamic requirements for its diversity of the sliding surfaces and the approaching laws. The one cycle control (OCC) [33] - [35] , quasi-charge control [36] , [37] and sensorless feed-forward controllers [38] , [39] , use resettable integrators to perform pulse width modulators (PWM). The OCC features as simplicity and robustness. It naturally rejects the perturbation from the power source without the need of tuning control parameters [34] . Meanwhile, it takes only one PWM cycle to reach a required duty cycle of the stable state, while the motion in the sliding-mode control usually converges to the operating point after several switching cycles [34] . However, the transient response of the OCC controlled buck converter depends on the design of the inductance and capacitance, which limits the further performance improvement.
Aiming at proposing a swift and robust control strategy, this paper derives the analytical expressions of the transient response for the primary-controlled WPT system using double-sided LCC compensation. On the one hand, the equivalent circuit of the high-order resonant tank is divided into three cascaded low-order parts, which can be described with low-order differential equations. Through the dynamic analysis of the low-order parts, the boundary of the startup transient time of the resonant tank can be calculated, which provides proper insight into the step response of the system. On the other hand, a novel primary-side control method, which combines the OCC and PD named OCC-PD control, is proposed for the WPT system. The comparative analysis of proportional integral differential (PID), OCC, and OCC-PD is conducted through a nonlinear modeling technique named Switching Flow-Graph [40] . The OCC-PD is proved to be insensitive to the power source perturbation, so the power frequency ripple from power factor correction (PFC) stage can be easily filtered with no extra devices. The comprehensive dynamic response of the OCC-PD also shows considerable improvements. Further study of the OCC-PD applied in the primary-controlled WPT system is also carried out to guarantee the feasibility.
The rest part of this paper is organized as follow: Section II proposes the analysis method of the high-order WPT stage and derives the boundary of transient time. Section III sequentially develops a novel control strategy--OCC-PD for the buck converter. Section IV gives the comparative study of the transient responses of OCC-PD, OCC, and PID in the buck converter and the two-stage WPT system. The investigated WPT system is validated through simulations and experiments in Section V. Finally, the conclusion is drawn in Section VI.
II. DYNAMIC ANALYSIS OF THE WPT STAGE A. THE INVESTIGATED WPT STAGE
The investigated WPT system is composed of a DC/DC stage and a WPT stage as shown in Figure 1 . Specifically, the buck circuit is chosen as the first stage and the cascaded stage includes the high-frequency inverter, the LCC primary/secondary compensation networks, the magnetic coupler, and the output rectifier. Generally, the PFC rectifier is required as the front-end stage of the investigated system, so the input is regarded as a DC voltage source. The input power firstly passes through the buck converter, whose output voltage is regulated for the power control. Then highfrequency alternating current from the inverter is injected into the primary LCC resonant circuit. The induced voltage of the secondary inductor supplies power to the secondary compensation network. Finally, the high frequent AC power is converted into DC by the rectifier for supplying the load. When the WPT stage is tuned at resonance, the system operates as a voltage controlled current source regardless of the load variation, which is the most important advantage of the double-sided LCC compensated WPT system. It gives access to the primary-side DC/DC control without side-effects like hysteresis and sensitive to load variation. The description above can be supported by the following equation [41] :
B. MODEL OF RESONANT NETWORKS
According to the characteristic indicated by (1), the operation frequency of the inverter is fixed at the resonant frequency with constant 50% duty ratio and 180-degree phase difference between two legs of the inverter, and the system power is regulated by the intermediate voltage.
In order to get a straightforward view of the transient response of the WPT stage, an equivalent circuit exclusive of inverter and rectifier is given in Figure 2 . Obviously, the equivalent circuit is a high-order system since several inductors and capacitors are included. Usually, the amplitude and phase of the variables in the frequency domain can be solved by using phasor method of circuit theory. However, it is not enough to uncover the dynamic characteristics of the high order system. Besides, Figure 2 it is too complex to analyze the characteristic equation of state space which determines the output transient response.
The complicated solutions in the time domain obtained by inverse Laplace transform cannot provide a handy guidance for the controller parameters design. In order to simplify the WPT stage, the circuit in Figure 2 is divided into three parts. Each part is supposed to be connected by the input equivalent impedances of the cascaded part. Assuming the WPT stage is designed symmetrically, the variables in Figure 2 can be expressed as Table 1 , where L f is the compensation inductance, L is the self-inductance of the power transferring coupled coils, C f is the parallel compensation capacitance, C is the series compensation capacitance, L s is the leakage inductance of the power transferring coupled coils, L e is the series equivalent inductance of the series compensated capacitor and leakage inductor, M is the mutual inductance between the primary and the secondary coils, ω is the resonant frequency, k is the coupling coefficient. The VOLUME 6, 2018 resonant condition is designed:
Part A, B, C are shown respectively in Figure 3 . The model of each part can be expressed as follow:
Consequently, the transfer function and the equivalent input impedance of each part can be solved as follow:
C. DYNAMIC ANALYSIS OF THE THREE CASCADED PARTS
Because part A, B, and C are cascaded sequentially, the latter part must be in transition towards its steady state until the former parts reach theirs' firstly. Therefore, analyzing the transient response of these parts separately could be helpful to understand the output characteristic of WPT stage. In the case of part A, B, and C operating independently, 
Based on the transfer functions acquired previously, the decay rates of part B τ B , and C τ C under unit sinusoidal input can be solved. In order to unify the format of the decay rates, α = 
Because part A is a three order subsystem, u Aout (t) is related to the roots of a three order characteristic equation with one real pole and two conjugate poles. The real parts of approximated roots can be solved as follow:
where r A1 and r A2,3 are the real parts of the roots of the characteristic equation in part A. From (13) and (14), it is clear that the distance between the projection points of conjugate poles and the origin is nearly half that of the real pole, so the conjugate poles decide the slowest decay rate of part A. In order to discuss the boundaries of settling time, part A can be approximated as a second-order system with r A2,3 as the conjugate roots to evaluate the worst case. In this way, the decay rate of part A τ A is expressed as follow:
So the approximate range of the decay rate in the WPT stage τ WPT can be obtained:
where τ reg1 and τ reg2 are the lower limit and the upper limit respectively. As mentioned, part C is a second-order subsystem with a resistive load, whose transient time is relatively shorter. It is reasonable that part A and part B play more important roles in the start-up transient of the WPT stage. In this case, τ A and τ B are focused on. Consequently, to solve τ reg2 , the boundary conditions of τ A and τ B are shown in Figure 4 . The varying range of τ WPT can be obtained:
Supposing the amplitude of dynamic components decrease to e −2π times of the beginning, the number of resonant cycles N WPTs that the WPT stage should go through before it reaches the steady state can be described as follow:
The rated power of the investigated WPT system P N can be described:
In electric vehicles (EVs) charging applications, the vertical clearance is specific and the size of the magnetic coupler is limited. The mutual inductance should be designed accordingly in terms of the rated power and the load variation. Referring to the standards released by the Society of Automotive Engineers (SAE) the resonant frequency is set at 85kHz. Particularly, taking a 6.6kW prototype as an instance, U AB = 400V , P N = 6.6kW , M = 100µH , the relation between α and β is obtained:
Substituting (20) to (18), we can get:
The values of N WPTs when α varies from 0 to 3 are listed in Table 2 . In short, the start-up transient time of the WPT stage is determined by α, β and ω, which makes it hard to figure out an intuitive parameter design methodology. However, the boundary of transient resonant cycle number expressed as (18) can give guidance to narrow the range of N WPTs for rapid transient response. On the other hand, the boundary of N WPTs for a 6.6kW WPT stage in Table 2 suggests that the possible shortest transient period is several cycles. In order to design a WPT system of rapid output transient response, it is very important to ensure the output transient time of the DC/DC stage to be short. 
III. PROPOSED CONTROL STRATEGY FOR DC/DC STAGE A. OCC CONTROL STRATEGY
The OCC is a nonlinear control technique taking the precise average value of a switched variable as control target to reach a preset value in one switching cycle. Figure 5 shows the buck converter controlled by the OCC. When the switch is on, the diode voltage v d is equal to the input voltage v g , and then the output of integrator v int will increase from zero. Once it reaches the value of reference voltage v ref , the controller will turn off the switch and wait for the start of next cycle.
Where v dm denotes the average value of v d in one cycle, d denotes the duty cycle, T s is the switching period, T on is the time duration when the switch is turned on in one cycle.
Assuming the input voltage is constant, we can get:
Equation (24) 
B. SWITCHING FLOW-GRAPH ANALYSIS OF OCC AND PID
By utilizing the state space averaging concept, the general graphic nonlinear modeling tool, which is named Switching Flow-Graph, clearly presents the cause and effect of the transient responses of the switching converters. Switching FlowGraph transforms the nonlinear switching converter into a linear system, which makes it easy to obtain the graphic models yielding a visual representation of switching converter systems.
In the Flow-Graph, the signals are represented by nodes connected by branches, line segments with arrows. Each branch has a transmittance or gain indicated next to it and the signals passing along that branch are multiplied by the branch transmittance. A path is any collection of a continuous succession of branches traversed in the same direction. A loop is a path originating and terminating on the same node, which can be expressed by an equivalent equation. Then the transfer function can be solved out from the equation.
The Flow-Graph of the open loop buck converter, OCC and PID controlled buck converter are shown in Figure 6a , 6b, and 6c, respectively. The transfer functions are as follow:
Compared with classic PID control, the output voltage transient response of the OCC is not always better. But the OCC saves the labor to tune the PID parameters for different applications, and what really needs to be noticed is the ability to reject all the perturbations from the power source.
In (26) , the expression of G OCC does not contain v g , which means the output voltage is free from the perturbation of input voltage. While G PID shows a complex relationship with v g occurring in the numerator and the denominator of (27) . So the power source disturbance will break the steady state of the PID controlled buck converter. In practice, the buck converter is usually powered by a PFC stage whose output voltage contains the ripple of twice mains frequency inevitably. In consequence, the OCC is proved more robust than PID in resisting the input disturbance.
C. STRUCTURE OF OCC-PD
The PD control is a common choice to improve the transient response of a second-order system since it doesn't raise the system order. Besides, by tuning the PD parameters, the control system can meet different requirements of transient responses. Therefore, the PD control is adopted and produces a new variable v cal as the input of the conventional OCC, which forms the OCC-PD. The Flow-Graph of the OCC-PD is shown in Figure 6d . What needs to be noticed is that the reference voltage is multiplied by a coefficient k+1 k to compensate the gain ratio loss caused by the PD loop. The closed loop function is:
According to (28) , the control system remains secondorder and preserves the ability to reject perturbation from the power source.
IV. APPLYING OCC-PD IN THE INVESTIGATED SYSTEM A. OCC-PD FOR RESISTIVE LOAD
The transient responses, including overshoot σ , the peak time t p and the settling time t s , will be discussed in the case of a resistive load is connecting. Since the transfer function of the PID control is related to v g , extra demand for smaller output ripple of PFC is required to guarantee a good robustness. Therefore, only the OCC and the OCC-PD are studied.
1) TRANSIENT RESPONSE EXPRESSION
Both (26) and (28) are typical second-order system relating to the basic parameters of a circuit including inductance L, capacitor C and load resistance R. To have an intuitive comparison between this two control methods, they are considered as constants. In this way, the impact of the proportional gain k and time coefficient T on the transient response can be illustrated clearly.
Through inverse Laplace transform of (26) and (28), the buck converter output voltage functions in the time domain are acquired as follow:
Where v o_occ and v o_iocc are the output voltage of the OCC and the OCC-PD, respectively, ξ 1 and ξ 2 are the damping ratio of OCC and OCC-PD respectively, ω n1 and ω n2 are the angular frequency of the OCC and the OCC-PD, β, r and, θ are related parameters. The basic transient response parameters are solved and listed in Table 3 . Settling time is obtained when voltage ripple is set to be smaller than 5%.
2) COMPARISON OF OCC AND OCC-PD
In the classic control theory, damping ratio and angular frequency are both important for transient performances of a second order system. For a typical second order system as the OCC controlled buck converter, the decay rate and oscillating frequency are decided by the position of two conjugate poles. A control system always requires large decay rate, i.e. a relatively large damping ratio for rapid transient responses. For a system with two poles and one zero as the OCC-PD control system, the zero also affects transient performances of the control system. Therefore, the responses are related to ξ 2 , ω n2 as well as T , which makes it complex to assess the desired control performance. In order to form a coincident evaluation, the zero is designed to separate from poles to eliminate impacts of T . Under the circumstances, the transient performances of the OCC-PD and the OCC can be assessed by their damping ratio and angular frequency, Table 3 , we can get requirements of the OCC-PD as follow:
In (37) , T is designed to be positive and large to guarantee that the zero is separated from poles, which demands a relatively small k. For , k tend to be large to ensure a swift transient response. Based on the tuning method showing in (34) , (35), (36) and (37), the OCC-PD, which presents a shorter settling time and smaller overshoot than the OCC, could be applied to buck converters with different inductor and capacitor parameters.
B. OCC-PD APPLIED IN WPT SYSTEM
Due to the proportional relationship between the input voltage and the output current in the WPT stage, the OCC-PD controlled buck converter, as the former stage, can regulate the output current of the system by adjusting the output voltage of the buck converter. Besides, the time delay between i Lf 2 and u AB is proved to be just several resonant cycles in a transient state, so the dynamic performances of the buck converter can well reflect that of the WPT system. Therefore, there is no need to calculate the dynamic response of the eight-order WPT stage which is too complex to be solved directly.
The control strategies and output performances of a buck converter with resistive load have been discussed without considering the cascaded WPT stage. In fact, if the input impedance of the WPT stage is capacitive or inductive, the transfer function and output performance will be different. Consequently, the input impedance of the WPT stage is necessary to be discussed.
The input impedance of the double-sided LCC compensated WPT stage can be calculated [41] .
where Z in and R eq are the input impedance and equivalent resistance, P out and V out denote the rated output power and voltage of the battery. From the equations above, it can be proved that the input impedance is resistive when the system working at the resonant frequency. It means the OCC-PD can also be applied in the WPT system. Assuming the duty cycle of the inverter is 50%, the amplitude of the first order component U ab is 4 π times of u o . Combining (1), (38) , (39) , and (28), the closed loop transfer function of the primary-side DC/DC controlled WPT system applying the OCC-PD strategy is expressed:
Accordingly, the damping ratio ξ 3 and the angular frequency ω n3 can be obtained.
From (42) and (43), we can get the real part of the conjugate roots z real :
As is known, the coupling coefficient of the WPT system varies in a certain range. It is clear from (41) and (44) that the variation of mutual inductance M can change the value of z real , but z real keeps negative all the time. Therefore, the OCC-PD is feasible in the proposed WPT system.
To draw a conclusion, the cascaded WPT stage does not change the dynamic characteristics of the OCC-PD, when the parameters of the PD loop are retuned according to the load resistance variation. When the WPT system operates in resonant conditions, the tuned PD loop could improve the settling time and overshoot of the conventional OCC. Meanwhile, the proposed OCC-PD still can reject perturbations from the power source.
V. RESULTS OF SIMULATIONS AND EXPERIMENTS

A. SIMULATION RESULTS
1) SIMULATION OF THE WPT STAGE
In section II, the number of resonant cycles that a 6.6kW WPT stage should go through before it reaches the steady state is described in (21) , where the varying range is defined. Based on (21) and boundary conditions of τ A and τ B in Figure 4 , the upper and lower boundaries of N WPTs are calculated and shown in Figure 7 , where the horizontal axis label is α = L f M . Supposing M = 100µH , and f s = 85kHz, simulation model parameters of the 6.6kW WPT stage are calculated using α ranging from 0.6 to 3.0 with the step of 0.3, and the number of transient cycles with different α is presented in Figure 7 . When α is around 1.2-2.4, the simulation results are in the calculated range. Although the rest are out of the range, most of the values are near the boundaries. Besides, the varying trend of N WPTs is the same with that of the calculated range, both of which show a minimum value around α = 1.2. Therefore, the proposed dynamic analysis method is an effective way to evaluate the start-up transient time of high-order resonant circuits and can give a good guidance for the optimization of transient response.
2) SIMULATION OF BUCK CONVERTER
In order to verify the improvement of the proposed control method, simulation models of buck converter are implemented in Simulink. Figure 8 illustrates the output curve of the OCC, PI, and OCC-PD in a single-stage buck converter. The basic simulation parameters are set as follow:
It can be seen that the overshoot of the OCC-PD and PI control are relatively small. Besides, the OCC-PD shows obvious superiority in the settling time, which is shorter than the peak time of the PI and OCC. Meanwhile, output voltages of the OCC and OCC-PD keep the same when a 100V input step disturbance occurring at 0.1s, while the steady state of the PI is interrupted. These simulation results validate the strength of the OCC-PD method to the PI and OCC in transient response and robustness.
3) SIMULATION OF PRIMARY DC/DC CONTROLLED DOUBLE-SIDED LCC COMPENSATED WPT SYSTEM
In the previous discussion, the input impedance of the cascaded WPT stage is solved and found to be a resistor, which proves the feasibility of the OCC-PD in the WPT system. In the simulation, a double-sided LCC compensated WPT stage is connected to the buck converter, where V pfc = 400V , I out = 6.8A, and V ref changes from 130V into 180V. Figure 9 and 10 illustrate the output voltages of buck U AB and the output current of the WPT system I out , respectively. Although the improvement of the OCC-PD in overshoot is not as obvious as Figure 8 , we could still see the noticeable progress in settling time. In fact, when there is a lager abrupt increment of reference command, it is usually adjusted to be a ramp to avoid severe overshoot by the controller. In this case, we can have the ramp sharp if the dynamic response of the controlled system is rapid, so fast dynamic response is preferred when overshoot varies in an acceptable range. Besides, I out and U AB have nearly the same profile with a strict proportional relation. It proves the feasibility of primary VOLUME 6, 2018 side DC/DC control described by (1) . Finally, the 100V input step disturbance of V pfc has no influence on the steady state, which confirms the robustness of the OCC-PD controlled WPT system in dealing with the power source perturbation.
B. EXPERIMENT RESULTS
1) EXPERIMENT IN BUCK CONVERTER
A 6.6kW two-phase interleaved buck converter is designed as the DC/DC stage, where the switching frequency is 80kHz, the inductance is 470µH , the capacitor is 30µF and the load is 30 . Since the PD control is very sensitive to noises, a fast and noise-resistive sampling circuit is required. The OCC-PD control board uses two LEM LV 25-600 integrated voltage sampling boards to measure the input and output voltage of buck. Besides a low-pass filter is applied to process the error of output voltage to further reduce noise from sampling circuit. The buck converter is powered by a DC power supply with 150V input voltage. A 60V command voltage is given in startup process to test the step response of the OCC-PD controlled buck converter shown in Figure 11b . In order to validate the simulation results in Figure 8 , the step response experiments of the PI and OCC are also conducted, with results shown in Figure 12a and 12b respectively.
From the experiment results in Figure 11b , 12a and 12b, the OCC-PD presents obvious superiority in settling time. The settling time of the OCC-PD is 0.5ms and 6.1ms shorter than that of the OCC and PI respectively. In terms of overshoot, the peak value of the OCC-PD is not the best, but still 33V smaller than that of the OCC. In order to fulfill the requirement of industrial applications, the step command is usually adjusted to be a ramp to avoid too high peak voltage/current. Besides, the voltage of the OCC-PD and OCC in steady state is smooth, while there is noticeable voltage ripple in the PI. In summary, these experimental results have good accordance to simulations in Figure 8 .
2) EXPERIMENT IN PRIMARY DC/DC CONTROLLED DOUBLE-SIDED LCC COMPENSATED WPT SYSTEM
A 6.6kW high power stationary charging WPT prototype shown in Figure 11a is built with the same structure in Figure 1 . The resonant frequency is designed as 85kHz, which meets the requirement of SAE WPT standards. The system is powered by a 390V PFC stage, which requires the DC/DC stage resistive to the voltage ripple from PFC stage. is the same as Figure 11b , which exhibits only one obvious peak. In both Figure 13a and 13b, the synchronized profiles of u o and i Lf 2 proves the short transient time predicted by the dynamic analysis of the WPT stage.
VI. CONCLUSIONS
This paper presents a novel dynamic analysis method of the high-order resonant networks for the WPT system. The boundary of the start-up transient time of the WPT stage under unit step input is given, which indicates that the startup process of double-sided LCC compensated WPT topology could last for several to tens of resonant cycles, depending on the parameters. Besides, a novel control strategy named OCC-PD is proposed for the primary-side DC/DC converter to guarantee the rapid transient response of the WPT system. The transfer functions of the OCC, PID, and OCC-PD are obtained utilizing Switching Flow-Graph technique. Their transient responses are calculated to prove the superiorities of the OCC-PD control. According to the input impedance analysis of the WPT stage, the OCC-PD is suitable to be applied to the LCC compensated WPT system. The simulation results prove that the OCC-PD controlled buck converter transits to steady state faster than that of the PI and OCC control, while only one peak exhibits. Moreover, a 6.6kW prototype is built to validate the transient analysis and the control algorithm. It is verified that the input voltage and the output current of the WPT stage have the same profile due to their proportional relationship. The experiment results also prove the advantages of the OCC-PD control. The overshoot is an equally important parameter in the system dynamic response, which is considered as the future work. 
